Subsea production systems (SPSs) have dominated the exploration of deep-sea oil and gas fields because of their economic superiority. SPS is a high-investment and high-risk technology. A floating installation device (FID) and an installation method for the SPS using this device were designed in this study. The device is made of buoyant materials, allowing both the SPS and the FID to be kept in a suspended state. Thus, the restriction caused by the great weight of the SPS can be avoided. The dynamic response of the chain system and FID was analysed according to environmental loads and material characteristics. The feasibility of the design was validated through numerical simulation and theoretical computation.
Introduction
The subsea production system (SPS) consists of several typical subsystems, including a wellhead, a Christmas tree, a manifold, a bridge pipe and so on. This system has dominated the exploration of deep-sea oil and gas fields because of its advantages of high efficiency and a wide application range. The installation of the SPS is difficult because of the complexity of the ocean environment and the heavy weight of the system. At present, the mainstream installation methods for the SPS include the traditional installation methods [1, 2] , the sheave installation method (SIM) [3] [4] [5] [6] [7] , the pendulous installation method (PIM) [8] [9] [10] , the pencil buoy method (PBM) [11, 12] , the heave compensated landing system (HCLS) [13] and the subsea deployment system (SDS) [14] .
The traditional installation methods, which use a single wire or drilling string to deploy small and medium subsea structures, mainly include two methods: the drill-strings installation method (DSIM) and the winch-wire installation method (WWIM). In the DSIM, the SPS is connected to a drilling string from large drilling platforms and can be lowered and installed by paying out the drilling string. Petrobras used a large drilling system to install a manifold in 940 m water depth in August 2001. In contrast to the DSIM, in the WWIM, the SPS is normally lifted off from the deck of the heavy lift vessel using a ship crane, and then lowered by paying out the winch wire. In December 1995, a 412 t production manifold was installed in 620 m water depth at the Albacora field. The traditional installation methods are conventional, simple and mature but currently are rarely used to install the SPS, mainly because of the limited lifting capability of the drilling platforms and vessels.
The SIM is based on the two-fall configuration of a conventional deployment system. The major difference from the traditional methods is to relocate the fixed point for the dead end of the deployment rope from the same installation vessel to another vessel. A semisubmersible (SS) and two deployment vessels are used in this method. However, this method also has drawbacks. Three deployment vessels mean expensive day rates and complex operation. Therefore, numerical simulation and field-testing are necessary in this method.
The PIM is a non-conventional method originally developed by Petrobras to successfully install a 280 t large SPS in water depth of 1900 m. The PIM uses a conventional steel wire winch system as a launch line to launch and install the SPS in a pendulous motion. Due to the complex operation in this method, hydrodynamic instability may arise during launch operation, and the strict requirements for the ocean environment limit its development.
The PBM is a subsurface transportation and installation method developed by Aker Solutions. The SPS is suspended from a pencilshaped buoy during the wet tow process. Upon arrival at the installation site, the towing wire is winched in, and the buoy is disconnected. Similarly to the WWIM, the lowering operation is a standard offshore operation, and thus the crane lifting capability The HCLS is based on a specific chain and buoy system and is similar to the PBM. The major difference is that the buoy is used in the installation process. The HCLS decouples the vessel motion from the payload by supporting the payload from the buoy, thus greatly reducing the impact of the vessel motion on the payload motion and the need for large offshore vessels. The HCLS also requires a large deck to transport the SPS because of the dimensions of the SPS.
The SDS is a method of installing large subsea structures without a heavy lift vessel. It uses a subsea deployment vehicle (SDV), which consists of solid buoyancy modules mounted on structural steel frames, to support the SPS during transportation, positioning and installation. This method effectively dampens the vertical motions, resulting in negligible dynamic response and a soft landing because the assembly of the SDV and SPS is slightly buoyant in seawater.
The maximum installation depth can reach 3000 m using the aforementioned methods, but the rental fees for installation technologies and equipment are always very expensive. In addition, the increasing weight of the system challenges the crane capacity of the vessel and the ultimate strength of the lifting pipe.
The FID developed in this paper is an affordable and available alternative that allows the use of a low-cost lifting vessel. The SPS is not supported directly by the vessel but instead by the FID. The assembly of the FID and SPS is transported to the site using a wet tow, which greatly reduces the effect of the surface environment. No special tooling is required in this method, which is therefore low-cost. Dynamic response analysis was applied to calculate the lateral displacement and axial tension along the weight-balancing chain by theoretical computation and numerical simulation. After comparing the results of the main bearing carrier with the results of other mainstream methods, the advantages and features of this design were analysed. In addition, a single-tug installation system was established using AQWA, and dynamic response was simulated and calculated for the system in the process of set down. The tension along the ballasting control chain and motions of the FID were modelled to analyse the stability of the assembly of FID and SPS.
FID structure design
Various deepwater installation methods have been developed to tackle the three major interrelated challenges, crane lifting capacity, dynamic responses to environmental conditions and installation cost [6, 10, 11] . The main factor is the overall dimensions of the SPS to be installed. The dimensions often limit the practical crane capacity significantly and require a large deck to transport the SPS, resulting in an expensive day rate. The FID was designed to solve the above challenges and meet the requirements of deploying a large SPS in deep water.
Main structure
The concept of the designed method originated from the PBM. The new method utilises an FID to support the SPS in the transportation and installation process. The device is mainly made of solid buoyant material, which has low density (lower than water), high compressive strength, a low water absorption rate and other properties. Thus, the transportation can be a wet tow process, and the need for a large deck space is eliminated, which is similar to the PBM. Fig. 1 shows a cross-section view of the FID. Fig. 2 shows the 3D schematic of the assembly of the FID and the SPS. The main body of the FID consists of the following components: the floating body, top lugs, lateral lugs, bottom lugs and fixed poles. The shape of the FID is mostly cylindrical with conical upper and lower ends, which can reduce flow resistance in the wet tow process. Lugs are designed on the top, sides and bottom of the FID to connect different chains. Three hydraulic release shackles are used to connect the three slings to the top rings on the SPS. The hydraulic release shackle is a remote operated vehicle (ROV)-operable shackle. The other ends of the slings are connected to the bottom lugs on the FID. The fixed poles on the FID that pass through the fixed rings can prevent the SPS from experiencing excessive lateral displacement and rotation. The FID can provide buoyancy because of the solid buoyant material, and the buoyancy is sufficient to render the assembly of FID and SPS slightly positively buoyant. Thus, the assembly can be transported to the site using a submerged tow, thereby avoiding the effects of the surface environment as well as the need for scarce specialized deepwater installation vessels or formidably expensive drilling rigs, making this approach cost-effective and much less sensitive to weather conditions than conventional installation. 
Chain system
There are four types of chains based on their usage in the design: a tow chain, a ballasting control chain, an auxiliary control chain and a weight-balancing chain, as shown in Figs. 3 and 4. The tow chain is a steel wire. It is connected to a top lug and used to tow the FID during the wet tow process. The ballasting control chain and auxiliary control chain are also steel wires. In the set down stage, the two control chains are each connected to a lateral lug to control the position and orientation of the FID. A few clump weights are strung together on the ballasting control chain to provide the necessary weight to lower the FID. A moveable pulley is strung on the auxiliary control chain to connect to an anchor on the seabed and enable the chain to control the motion of the FID. The weight-balancing chain consists of two parts: a steel clump chain and a nylon rope. The steel clump chain is much shorter and heavier than the nylon rope, and thus the bulk of the mass of the weight-balancing chain is concentrated on the steel clump chain. The steel clump chain functions as the ballast weight that replaces the SPS in the ballasting stage. The weight of the steel clump chain supported at the base of the ballast tank makes the FID neutrally buoyant, thereby contributing to the float off operation.
Inner structure
A top-shaped ballast tank, where the weight-balancing chain will be placed, is designed for the FID, as shown in Fig. 1 . The tank is linked to the outside by a conical channel, a cylindrical channel and three limber holes, as shown in Fig. 1 . The space of the ballast tank is large enough to hold the ballast weight of the weight-balancing chain, as shown in Fig. 5 . The weight-balancing chain is added to the ballast tank through the conical channel and cylindrical channel by the surface vessel crane. In the submerging and lowering processes, the limber holes that link the ballast tank to the outside can reduce the drag force caused by water in the depth direction and keep the processes smooth.
Installation procedure
The new method only requires two small installation vessels in the installation procedure to transport and deploy a SPS onto the seabed. A typical installation process consists of the following steps: launch and wet tow, set down, ballasting and float off. 
Launch and wet tow
Generally, the buoyance of the FID is greater than the gravity of the assembly of the FID and SPS, so a certain number of clump weights are add to the ballast tank to make the assembly slightly positively buoyant in water. The FID is then connected to the SPS by the three slings, and the assembly is slowly lifted and submerged into water by a port crane. As shown in Fig. 6 , the lifting chain is connected to the top lugs of the FID. Although the launch process through the splash zone is a weather sensitive operation, it will be performed in relatively protected locations such as the port, and the limber holes also make the submergence process smooth. Consequently, the surface weather conditions have little impact on the launch operation. The crane pays out the lifting chain until the assembly is fully submerged. The lifting chain is slack, and a diver or ROV is used to disconnect it. As shown in Fig. 4 , the deployment vessel next pays out the tow chain and ballasting control chain to connect to the top and lateral lugs, and then tows the assembly to the field. The deployment vessel can adjust its speed and the length of the two chains to maintain the FID at a suitable depth, thereby avoiding the effects of the surface environment. The wet tow process also makes the designed method better suited to hostile environments.
Set down
When approaching the field, the deployment vessel slows down and parks at an appropriate location. Then, the deployment vessel controls the ROV to disconnect the tow chain. The auxiliary vessel pays out the auxiliary control chain and deploys the ROV to con- nect the chain to the other lateral lug. Then, the auxiliary vessel continues paying out the auxiliary control chain until the ROV connects the moveable pulley to a pre-installed suction pile anchor, as shown in Fig. 7 .
When the moveable pulley is fixed on the anchor, the lowering process begins, as illustrated in Fig. 8 . The deployment vessel starts paying out the ballasting control chain, and the auxiliary vessel starts winching in the auxiliary control chain to lower the assembly. The height of the assembly is adjusted by paying out or winching in the ballasting control chain. When the clump weights are lower than the FID, the vessel and FID hold the clump weights together, resulting in an imbalance between the weight and buoyance of the assembly and the acceleration. The weight is much smaller compared with the SPS to ensure a soft landing on the foundation. The lateral position and orientation of the assembly is adjusted by moving the ballasting control chain and changing the length of the auxiliary control chain. Once the SPS is in the correct position and orientation, it is landed by slowly lowering the ballasting control chain. The ROV is used as a monitor in the final landing.
Ballasting and float off
After the set down process, the deployment vessel continues to pay out the ballasting control chain until the clump weights rests on the seabed. The clump weights act as an anchor for the FID. Then, the weight-balancing chain is added to the FID to balance the weight of the SPS prior to the float off operation, as shown in Figs. 5 and 9. The ballast can be deployed in several steps to suit the capacity of the deployment vessel crane. For example, if the crane capacity of the surface vessel is 100 t and the SPS weighs 500 t, then the total ballast is deployed in five steps. This ballasting method greatly reduces the requirements for the heavy lift vessel and cable capacity. Then, the FID is neutrally buoyant and rests on the SPS. The slings that link the two structures are now slack. As shown in Fig. 3 , the ROV can easily engage the hydraulic release shackles and release the slings. Subsequently, the ballasting control chain and the auxiliary control chain are deployed to lift the FID and complete the float off operation, as shown in Fig. 10. 
Dynamic response of the chain system
Although the new method includes four types of chains, the axial tension along the weight-balancing chain is much larger than along the other three chains. By analysing the axial dynamic response along the weight-balancing chain, the maximum axial tension along the chain was calculated to verify that the proposed method could reduce the capacity requirements for the vessel crane and cable. In addition, under the action of wave and current, the lower end of the weight-balancing chain will be laterally displaced, which will make the ballasting operation difficult. The value of the lateral displacement is very important for the ROV to correctly adjust the position of the chain and add it to the ballast tank. To ensure the success and security of the ballasting operation, the lateral displacement should also be analysed [15] . Recently, researchers have performed many studies on the lateral displacement and axial tension along the main components (e.g., the drill pipe or winch wire). Driscoll et al. [16] studied the motion of the subsea objects. Rivera et al. [1] and Wang et al. [6] investigated the axial dynamic response of the drill pipe during the lowering process. Lin et al. [17] and Jiang et al. [18] analysed the lateral displacement and axial tension along the drill pipe and winch wire by establishing the mechanical model. Non-linear time domain analysis was performed by coupling the wave motions of the installation vessel [10, 19] . Based on the results of these studies, the lateral displacement and axial ten- sion along the weight-balancing chain were analysed. Furthermore, the dynamic response of the assembly of FID and SPS in the process of set down was computed.
Analysis method
The hydrodynamic forces acting on the weight-balancing chain are complicated. For the sake of convenience in the analysis, the following assumptions are made [17, 18] :
(1) The chain is elastic throughout the installation process.
(2) The displacement of the chain is parallel to the ocean current and wave direction. (3) The influence of wind load can be ignored. 
Lateral displacement
As illustrated in Fig. 11 , a coordinate system is established by locating the origin at the position of the lowering point. The X-axis lies along the longitudinal direction of the vessel, whereas the Zaxis lies along the depth direction. The mechanics analysis model of the weight-balancing chain is constructed. The part of the weightbalancing chain under the water surface is divided into n segments, and node 1 is located at the sea surface. A local coordinate system is set on unit i-1, making node i-1 the coordinate origin, as shown in Fig. 12 . 12 shows the mechanical model of unit i-1 in the local coordinate system. The drag and inertia forces acting on unit i-1 caused by wave and ocean currents are the dominant forces along the X-axis direction, whereas gravity is the dominant force along the Z-axis direction. Traditionally, the current velocity in the ocean has been regarded as constant [20] , and thus only the drag force acting on the chain caused by current is considered in the calculation. Based on the Morison equation, the horizontal force F i acting on unit i-1 can be expressed as follows: According to the linear wave theory, u and du/dt can be derived as follows [17] : . 11 . Mechanical model of the weight-balancing chain.
In the local coordinate system, the forces F xi , F zi and G i can be calculated as follows:
The weight-balancing chain can only sustain tension; therefore, the bending moment equation at the section of node i-1 in the local coordinate system can be given as follows:
The lateral displacement of node i in the local coordinate system can be computed as follows:
If n is sufficiently large, then F i < <F xi , G i < <F zi , and both can be neglected in the equations. Then, Eqs. (5a) and (5b) can be simplified as follows:
In the local coordinate system for unit i-1 (i = 1, 2, 3. . ., n + 1), the boundary conditions are as follows:
Then, the lateral displacement x i of node i in the local coordinate system can be calculated according to Eqs. (6a) and (6b) and the boundary conditions. Thus, the lateral displacement of the lower end can be obtained by superposition, as follows:
Axial dynamic response
When lowering heavy objects on a line from the surface vessel in deep water, the system will experience resonance with dynamic line loading. A simple single-freedom, mass-spring-damper model can illustrate the system: the mass is the object being lowered, and the spring is the lowering line [21] . The steel clump chain is much shorter and heavier than the nylon rope, and thus the weightbalancing chain and the deployment vessel can be simplified as a single-freedom vibration system in the Z-axis direction [22] , and the mass of the weight-balancing chain is concentrated at the lower end. The mechanical model of the weight-balancing chain is shown in Fig. 13 .
The vibration equation is as follows [23] :
The heave motion of the vessel is complicated. For the sake of convenience, the heave motion of the lowering point is simplified The stable solution of Eq. (10) is as follows:
Then, the axial tension along the weight-balancing chain T(t) can be obtained as follows:
Generally, the weight of the steel clump chain is always between 20 t and 100 t, which means the natural frequency of the system p is higher than the disturbance frequency ω, and thus the frequency ratio of the system is smaller than 1. From the curve of phase-frequency in Ref. [23] , we can determine that ε d is very small. Therefore, ε d can be ignored in the calculation, and Eq. (13) is simplified as follows:
Eq. (14) shows that the axial tension along the weight-balancing chain T(t) is composed of two parts: the dynamic load T d and the static load T s . T d is a sinusoidal function, and the amplitude is B d . By substituting Eqs. (9), (12c) and (12d) into Eqs. (12a) and (12a) can be rewritten as follows:
Numerical analysis
In the numerical analysis, a 250 t SPS will be installed at a water depth of 1500 m. The deployment vessel crane has a lifting capacity of 150 t. The following environmental parameters are adopted for the SPS installation: the wave period is 8 s, the significant wave height is 1.5 m, and the seawater density is 1030 kg/m 3 . The data for the current profile are given in Table 1 . In this study, the current velocity at any water depth can be derived by the interpolation method from Table 1 . The numerical analysis consists of two parts:
(1) Axial tension and lateral displacement analysis for the weightbalancing chain under a linear wave. (2) Dynamic response of the FID under an irregular wave.
Axial tension and lateral displacement analysis for the weight-balancing chain under a linear wave
The water surface is located at 20 m in the Z-axis direction in Fig. 11 . The ballasting process occurs at water depths ranging from 50 m to 1450 m. The parameters of the weight-balancing chain used in the installation analysis are summarised in Table 2 . The SPS weighs 200 t in seawater, and the ballast is deployed in two batches because of the crane capacity limit. For each batch, a 100 t steel clump chain is added to the FID, as shown in Fig. 5 . The heave motion of the lowering point is simplified as a sinusoidal function: By substituting the data into Eqs. (14) and (15), the relationship between the amplitude B d and the weight-balancing chain length L is obtained as shown in Fig. 14 . Fig. 14 shows that the amplitude B d changes with the length of the weight-balancing chain L. The maximum B d is 32.2 kN at 1470 m. Fig. 14 shows that the maximum axial tension along the weight-balancing chain occurs when the lower end of the chain approaches the FID. Thus, this step is the most critical scenario during the ballasting process. Furthermore, the lateral displacement X L can also be calculated from Eqs. (6a), (6b) and (7) at the same scenario.
The lateral displacement and axial tension along the weightbalancing chain were calculated based on the proposed theoretical equations. A MATLAB programming was written to calculate Eq.
(1), and n unknowns F i (i = 1, 2, . . ., n) could be obtained. The value of x i could also be calculated from Eqs. (3a), (3b), (6a) and (6b). In the global coordinate system, the displacement X L can be calculated from Eq. (7). To verify the accuracy and reliability of the theoretical equations, comparisons were performed with the results from the theoretical calculation and finite element method (FEM) simulation based on the finite element software ANSYS. Fig. 15 shows the finite element model of the weight-balancing chain using ANSYS. For the structure, the PIPE59 element was used to imitate the spring of the system, and the mass element was used to simulate the weight of the steel clump chain. Next, time-domain analysis was performed by coupling the wave force and the ocean current force. The simulation results of lateral displacement and axial tension were also obtained. Fig. 16(a) and (b) compare the proposed theoretical calculation and FEM simulation results. As shown in Fig. 16(a) , the variation in axial tension is related to the heave motion of the lowering point. Although the FEM result for vibration amplitude differs slightly from the theoretical result, the two results coincide well. Fig. 16(b) shows that the value of lateral displacement increases with water depth; the maximal value occurs at 1450 m water depth. Table 3 compares the results for maximum lateral displacement, vibration amplitude and maximum axial tension. As shown in Table 3 , the FEM results match well with the results of the proposed method. Thus, the validity of the proposed theoretical equations is verified. The maximum axial tension is approximately 1032.2 kN and the minimum break load of the nylon rope is 10,000 kN, thus ensuring a safety factor of 9.69. Furthermore, to install the 250 t SPS in the same environmental conditions, the lateral displacement and axial tension along the main components (e.g., the drill pipe or winch wire) of the abovementioned mainstream installation methods were calculated according to FEM. The parameters of the main components are summarised in Table 4 , and the simulation results are summarised in Table 5 .
As shown in Table 5 , the maximum axial tension along the weight-balancing chain in the proposed method is considerably smaller than in other mainstream installation methods when installing the 250 t SPS at a water depth of 1500 m because the ballast can be deployed in more than one batch. The comparison results prove that the proposed method greatly reduces the requirement for the surface vessel crane and cable capacity. Moreover, the vibration amplitude along the weight-balancing chain is reduced by over 60% in the numerical example, which indicates that the proposed method can reduce the influence of the wave and ocean current forces on axial tension. However, in the proposed method, the lateral displacement of the weight-balancing chain at 1450 m below the water surface is 26.7 m, which is larger than in the other methods. The reason is that the ballast is deployed in two batches, and the nylon rope bears only 100 t weight each time, whereas in the other methods, the main bearing carrier (such as the winch wire or drill pipe) is directly connected to the SPS and bears 200 t at once, which makes the weight-balancing chain more easily affected by ocean environments.
Dynamic response of the FID under irregular wave
In the process of set down, the wave load has a prominent effect on the hydrodynamic response of the assembly of FID and SPS within a certain depth. Compared to hydrostatic pressure, dynamic response is a major issue that should be considered in shallow water. The wave load decreases with increasing penetration depth into the water of the assembly, and thus its influence on the dynamic response also decreases. In deep water, the wave load has little effect on the assembly, and the hydrostatic pressure is of major concern. Using the water dynamic analysis software AQWA, a single-tug installation system, including a deployment vessel and the assembly, was established. The dynamic response of the system was analysed in the process of set down. The specific dimensions of the designed FID for installing the 250 t SPS at a water depth of 1500 m are given in Fig. 17. Fig. 18 shows the finite element model of the single-tug installation system. The FID mainly consists solid buoyant material. The properties of the products produced by the Marine Chemical Research Institute are given in Table 6 for reference. The label shows the density of the product. Table 6 provides a partial list of the products. To install the SPS at a water depth of 1500 m, the product "SBM-048" with low density (0.48 ± 0.02 g/cm 3 ), high compressive strength (25 MPa) and low water absorption rate (less than 3%/day) was chosen as the solid buoyant material. The chosen material can be used underwater as deep as 2000 m, and thus the strength requirements for the installation can be met. The elastic modulus of the material is 30 GPa. The volume of the FID is 507 m 3 , which can provide 263.6 t of buoyancy. In the process of set down, the swaying motion of the FID is constrained by the two control chains. However, the wave load may cause large heaving and pitching motions of the FID. The motion response analysis of the FID was started from the state in which the FID was only immersed in water. Note that the lowering speed and vessel motion were ignored in the analysis. Fig. 19 shows the relationship between the FID's maximum motion response values and its penetration depth into the water.
As shown in Fig. 19 , the motion response of the FID decreases with increasing penetration depth into water by the FID. When the FID is only immersed in water, the maximum motion response values are large because of the wave load. The values of the heaving and pitching motions reach 1.1 m and 3.4 • , respectively. When the FID's penetration depth into water is more than 50 m, the motion response values are approximately small constants, which can be ignored. The process of set down usually occurs at a certain water depth, and the wave load has a small effect on the FID. Thus, the stability of the FID under wave load is guaranteed.
The motions of the FID will cause a dynamic response of the tension along the ballasting control chain. Four stages during the process of set down were chosen for dynamic response analysis of the tension along the ballasting control chain in time-domain: the FID at water depths of 10 m (beginning to set down), 50 m (leaving the splash zone), 500 m (entering the deep water area) and 1450 m (preparing to land). The variations in tension along the ballasting control chain with time at all four stages were thus obtained as shown in Fig. 20 . Fig. 20 shows that the tension and dynamic response of the ballasting control chain decrease as the FID's penetration depth into water increases. When the FID enters a deepwater area, the tension is approximately a constant. The maximum tension during the process is approximately 37.6 kN, with the FID at a water depth of 10 m, much smaller than in other methods. On the other hand, the hydrostatic pressure increases with water depth and reaches its maximum when the FID is at a water depth of 1450 m. Thus, these two stages are the most critical scenarios in the process of set down.
Conclusions
The FID was designed in this study for installing the SPS. The FID has a lower density than water, which can provide buoyancy to the SPS. Hence, the new installation method using the FID can install large subsea structures without a heavy-lift vessel. The new method is cost effective compared with installation methods that utilise specialised deep-water installation vessels. Furthermore, the FID can minimise the effect of dynamic loading, such as waves and currents, throughout the transportation and installation stages, and thus, the proposed method can adapt to hostile environments.
In this study, a numerical analysis of the set down and ballasting processes at a water depth of 1500 m was performed to demonstrate the feasibility and advantages of the FID. Theoretical calculations were conducted to analyse the lateral displacement and axial tension along the weight-balancing chain. Meanwhile, an FEM analysis based on ANSYS was employed to analyse the dynamic behaviour of the chain. The results from the theoretical calculation and the ANSYS simulation exhibited good agreement, which verified the validity of the theoretical method. Based on the proposed method and the ANSYS simulation, the lateral displacement and axial tension along the main components of the other mainstream installation methods were also calculated. The comparison of the results showed that the proposed method significantly reduces the influence of environmental factors and installation conditions. Furthermore, hydrodynamic analysis was performed using AQWA and the tension along the ballasting control chain during the process of set down was calculated. The motion response of the FID was also computed. The results verified that the proposed method could effectively reduce tension and dampen the dynamic response of the FID.
Based on these results, the FID ideally satisfies the growing demand for installing large structures in deep water.
